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Measures taken to control the disease (Covid-19) caused by the novel coronavirus dramatically reduced the
number of vehicles on the road and diminished factory production. For this study, changes in the air quality
index (AQI) and the concentrations of six air pollutants (PM; s, PM;o, CO, SO,, NO,, and O3) were evaluated dur-
ing the Covid-19 control period in northern China. Overall, the air quality improved, most likely due to reduced
emissions from the transportation and secondary industrial sectors. Specifically, the transportation sector was
linked to the NO, emission reductions, while lower emissions from secondary industries were the major cause

for the reductions of PM, 5 and CO. The reduction in SO, concentrations was only linked to the industrial sector.

Keywords: However, the reductions in emissions did not fully eliminate air pollution, and O3 actually increased, possibly be-
Covid-19 cause lower fine particle loadings led to less scavenging of HO, and as a result greater O3 production. These re-
AQl sults also highlight need to control emissions from the residential sector.
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1. Introduction

In December 2019, a disease that was eventually linked to a beta co-
ronavirus and named Covid-19 was reported in Wuhan, China (Zhu
etal,, 2020). In the weeks that followed, measures were taken to reduce
large gatherings to control the spread of the disease (China State
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Council, 2020). For example, the Spring Festival holiday was extended
beyond February 10, and during that time only essential enterprises in-
volving people's immediate needs (such as health care, or providing
food), were allowed to operate. In addition, the opening of schools
after the holiday was postponed.

These measures led to a dramatically reduced number of vehicles
on the road and a near total reduction in factory production (MEP,
2020; Wang et al., 2020). Pollution emissions from the transporta-
tion and industrial sectors were expected to decrease, and the fol-
lowing questions can be asked: Did the air quality improve during
the control of Covid-197? If so, how was the improvement related to
the reduced emissions from these two sectors? Also, what was the
major cause for the improvements in air quality and which atmo-
spheric species were most affected? Answering these questions is a
way to evaluate the influences of traffic and industrial emissions on
air quality during winter in China. The results of the evaluation can
then be used to make recommendations regarding air pollution con-
trol during winter in China.

In this study, changes in the air quality index (AQI) and the
concentrations of six air pollutants (PM,.s, PM;g, CO, SO,, NO>,
and O3) were evaluated, and the causes for these changes during
the control period for Covid-19 were investigated. Correlation
analyses were then used to analyze the relationships between so-
cioeconomic factors (i.e., motor vehicle usage, percentage of sec-
ondary industries, and industrial emissions) and air quality.
Finally, suggestions are given for air pollution control in China dur-
ing winter.

80°00'E 90°00°E 100°00°E

2. Methods
2.1. Study area and period

A total of 366 urban areas in China's mainland were selected for
study. These cities are widely distributed over China with the greatest
coverage in eastern-southeastern parts of the country (Fig. 1). Taken to-
gether, the sites can be considered representative of the overall air qual-
ity in China (Kuerban et al.,, 2019; Zhao et al,, 2019).

The overall strategy for the study was to compare the concentrations
of selected pollutants before and after the Covid-19 control measures
were put in place. The period prior to the controls was from 1 to the
23 January 2020, while the Covid-19 control period was from 24 January
to 9 February 2020. During the control period, a series of measures was
undertaken to reduce gatherings of people (China State Council, 2020).
Specifically, all non-essential factories were shut down, and schools
were closed as were all entertainment venues and restaurants. A dra-
matic reduction in road traffic was observed during the control period.
For example, the flow of commercial trucks and buses in the Beijing-
Tianjin-Hebei region and its surrounding areas decreased by 77% and
39%, respectively, during the control period (MEP, 2020).

2.2. Data sources
The real-time monitoring data for AQI, PM, 5, PMy, SO2, NO,, O3 and

CO in the 366 urban areas were obtained from China's National Environ-
mental Monitoring Center. The data had a time resolution of 1 h (http://
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Fig. 1. Geographical locations of 366 urban areas included in the study.
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www.cnemc.cn). Previous studies have shown that data from China's
National Environmental Monitoring Center are statistically reliable
(Kuerban et al., 2019; Zhao et al., 2019). The AQI monitoring values cal-
culated from the six priority pollutants (Bai et al., 2019) and the data for
the individual pollutants themselves were averaged for the periods
prior to and during the Covid-19 controls.

The geographical distributions of secondary industries (which con-
vert raw materials produced by primary industries into goods and prod-
ucts) and industrial SO, and NOy emissions were obtained from the
2018 China City Statistical Yearbook. The numbers of motor vehicles
in operation were obtained from the China Statistic Yearbook. Notably,
the socioeconomic data from seven provinces (Tianjin, Sichuan, Jilin,
Heilongjiang, Gansu, Xinjiang, and Qinghai) where the holiday was
not extended to February 10, were not used in this study (Table S1).

3. Results and discussion
3.1. Air quality during the control of Covid-19

Significant differences (p < 0.01) were found in the AQI and the con-
centrations of six air pollutants (PMj, 5, PM;o, CO, SO,, NO,, and O3) of
366 urban areas before and during the control of Covid-19, suggesting
the air quality changed during the control period. The AQI averaged
over all stations decreased by 20%, from 89.6 before the control period
for Covid-19 to 71.6 during the controls (Fig. 2), demonstrating an over-
all improvement in air quality from the control measures. A total of 322
of the 366 cities studied experienced a decline in the AQIL The highest
AQI reductions occurred in the Ningxia, Shandong, and Henan Provinces
(Fig. S1), which normally have high numbers of vehicles in use (Shan-
dong and Henan) (Fig. S2a) and many secondary industries in operation
(Ningxia, Shandong, and Henan) (Fig. S2b). The lowest AQI reductions
occurred in the Yunnan, Guizhou, and Hainan Provinces (Fig. S1),
where motor vehicle usage and secondary industries are relatively low
(Fig. S2). Therefore, the improvement of air quality apparently was re-
lated to the number of motor vehicles in use and the percentages of sec-
ondary industries in each province. The AQI in 366 urban areas had the
highest correlation coefficient (r* of 0.99) with the PM, s before and
during the control of Covid-19, which reflects the fact that fine particles
were the major air pollutant throughout the study.

The concentrations of the PM; 5, PM;o, SO,, NO,, and CO, but not O3,
decreased during the Covid-19 control period (Fig. S3) compared with
those before the controls were put in place. The concentration of
PM, 5, decreased from 65.0 ug m~> to 51.4 ug m—> (Fig. S3), and 315
of the 366 cities experienced a decrease in PM, 5. The regions with the
highest and lowest reductions in PM; 5 concentrations were the same

89.6~__

901 e 20%

601

AQI

301

Before Covid-19

Covid-19 control

Fig. 2. Comparison of air quality indices (AQI) before and during the control of Covid-19.

as those for the AQI (Figs. S1, S4), again, because fine particles were
most often the major air pollutant.

After the controls were implemented, the concentrations of CO, SO,
and NO, decreased by 0.23 mg m—>,2.2 uygm~>, and 19.4 ug m >, re-
spectively (Fig. S3). A total of 331 (309, 366) of the 366 cities studied ex-
perienced reductions in CO (SO,, NO,). The highest reductions of CO and
NO; occurred in the Shandong and Henan Provinces (Figs. 3, S5) where
there are large numbers of motor vehicles and many secondary indus-
tries (Fig. S2). This suggests that the reduced emissions from the trans-
portation and industrial sectors were what caused the concentrations of
these two gases to decrease. The largest decreases in SO, were found in
Shanxi and Jiangxi Provinces (Fig. 4), which have low numbers of vehi-
cles but many secondary industries (Fig. S2). This indicates that the re-
duced SO, concentration was probably caused by the lower emissions
from secondary industries during the control period.

The amplitude of the concentration variation (ACV) was calculated
using the equation, ACV = (y — X) / x x 100%, where x and y are the
mass concentrations of a substance of interest before and during the
control period for Covid-19, respectively. The air pollutant that showed
the largest decrease with the Covid-19 controls was NO, (ACV = —54%)
(Fig. S3) while SO,, showed the smallest decline (ACV = —16%). The
S0,/NO,, ratio is an indicator of the relative contributions of air pollut-
ants from stationary versus mobile sources (Aneja et al., 2001), and
higher values occur when there are greater influences from stationary
sources. The SO,/NO, ratio averaged over the two sets of samples in-
creased from 0.39 to 0.70 after the controls were in place (Fig. S6), sug-
gesting an increase in the relative importance of stationary sources
(Song et al., 2017). The AVCs for PM, s and PM;o were —21% and
—27%, respectively (Fig. S3), and the PM, 5/PM; ratio increased from
0.76 to 0.82 (Fig. S6); these are signs of either decreased impacts from
dust sources or enhanced secondary aerosol formation during the
Covid-19 control period (Song et al., 2017; Zhao et al., 2018).

3.2. Factors driving the improvements in air quality

Significantly positive relationships were found between the num-
bers of motor vehicles and the reduced AQIs (R*? = 0.11, p < 0.1;
Fig. 5) and between the percentages of secondary industries and the
change in AQIs (R? = 0.25, p < 0.05; Fig. 5). With the people largely con-
fined to their homes, the provinces with higher numbers of vehicles
should have had greater reductions in vehicle emissions during the con-
trol period, and the same should have been true for the secondary in-
dustries. The decreases in AQIs were more strongly correlated with
the percentages of secondary industries than with motor vehicle num-
bers (Fig. 5), suggesting that the changes in industrial emissions were
more responsible for the improvements air quality, especially fine parti-
cles, than motor vehicle usage.

The decreased PM, 5 concentrations were positively correlated with
motor vehicle numbers (R?> = 0.11, p < 0.1; Fig. 6) and percentages of
secondary industries (R?> = 0.28, p < 0.05; Fig. 6). Therefore, the reduc-
tion in the PM, 5 is best explained by lower emissions from the trans-
portation and industrial sector. The reduced NO, concentrations were
positively correlated with both vehicle numbers (R? = 0.44, p < 0.001;
Fig. 6) and industrial NO, emissions (R* = 0.36, p <0.01; Fig. 6), indicat-
ing that decreased emissions from both the transportation and indus-
trial sectors led to improvements in NO,. As the reduced NO,
concentrations were more strongly correlated with vehicle population
than with the industrial NO, emissions, transportation probably was
more responsible for the decrease in NO, concentrations. The SO, con-
centrations showed a significant positive relationship with industrial
SO, emissions (R? = 0.16, p < 0.1; Fig. 6) but not with motor vehicle
numbers. Therefore, the reduced SO, concentrations were only linked
to the industrial sector. The CO concentrations showed a significant pos-
itive correlation with both the vehicle numbers (R*> = 0.17, p < 0.05;
Fig. 6) and percentages of secondary industries (R? = 0.29, p < 0.01;
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Fig. 3. Change in NO, mass concentrations (ANO,) between the pre-control and Covid-19 control period. ANO, refers to the average NO, mass concentrations before the control of Covid-

19 in each province minus the average NO, mass concentrations during the control period.

Fig. 6), but the stronger correlation with the latter (Fig. 6) suggests a re-
duction in industrial emissions was more responsible for the decrease.

3.3. Policy implications

3.3.1. Reducing air pollution

The air quality improved during the control period for Covid-19, and
that apparently was mainly caused by reductions in emissions from the
transportation and industrial sectors. The transportation sector was the
major factor for the reduction of NO, mass concentrations, indicating
the control measures greatly reduced the pollution emissions caused
by the movement of people. As a major pollutant emitted from the
coal heating in winter (Kuerban et al., 2019), the mass concentration
of SO, decreased the least, suggesting the emissions from coal heating
activities were probably little affected by the control measures.

Although the air quality improved, the average AQIs in 84 of the 169
cities in northern China were >100 after the controls were imple-
mented, suggesting that the air pollutants in many cities were still at
harmful levels. This means that even though the reduced emissions
from the transportation and industrial sectors did lead to improvements
in air quality, the concentrations of some pollutants were still at un-
healthy levels.

The transportation sector is not generally thought to be the major
source for PM, s during winters in northern China (Huang et al., 2014;
Elser et al., 2016). Rather, this source has been shown to contribute to
6%-22% of the PM, 5 mass concentration (Tao et al., 2017) and 5%-21%

of the organic aerosol mass (Wang et al., 2019). The total number of
motor vehicles in China increased from 5.5 million in 1990 to 327 mil-
lion in 2019 (Wu et al., 2017; MPSC, 2019), which is a 60-fold increase
over 30 years. However, increasingly stringent emission standards, elec-
tric vehicle subsidies, and the promotion and development of the public
transportation have limited the impacts from mobile emissions (Wu
etal.,, 2017). In fact, those measures have prevented increases in the ve-
hicular emissions of air pollutants (except for NOy) since 2010 (Wu
et al.,, 2017). As a result, the contribution of the transportation sector
to air pollution has not increased in parallel with the rising numbers
of vehicles on the roads (Van et al., 2017).

Industrial emissions are the major contributor to PM, 5 pollution in
China (Shi et al., 2017), but the reduced emissions from that sector
did not prevent air pollution during the control period. In fact, essential
industries, some of which emit large amounts of pollutants, did not cur-
tail operations during the control period for Covid-19 (MEP, 2020). For
perspective, under normal circumstances, thermal power generation
contributes 20.1% of the total SO, emissions and 32.6% of the total NO,
in China (Huang et al.,, 2017). These critical industries must operate con-
tinuously (Huang et al., 2017; MEP, 2020), and therefore, reducing their
impacts on air quality obviously should be a central element of pollution
control efforts.

The residential sector contributed 39% of the total PM, 5 emissions in
China in 2010 (Li et al., 2017), and emissions from residences were the
most likely cause for air pollution during the Covid-19 control period.
The industrial sector was largest contributor to fine PM in 2013 (Shi
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Fig. 4. Changes in the concentrations of SO, (ASO,) during the control period for Covid-19. ASO, refers to the average SO, mass concentrations before the control of Covid-19 in each

province minus the average SO, mass concentrations during the control period.

etal.,, 2017), but the emissions from this source decreased from 2013 to
2017 (Zhang et al., 2019), which caused the relative importance of the
other pollution sources to increase proportionately. Indeed, the residen-
tial sector became the major contributor (>50%) to PM, 5 in representa-
tive cities of northwestern China during the winter of 2016-2017 (Yang
et al,, 2020). Therefore, plans for controlling emissions from residences
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should be developed and implemented to combat air pollution during
the winter in northern China.

3.3.2. Ozone pollution control
Although the reduced emissions from transportation and secondary
industrial sectors did not eliminate all air pollution, NO,, a precursor for
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Fig. 5. Scatterplot of the change in air quality index (AAQI) and socioeconomic factors (number of motor vehicles, secondary industry share) in provinces with air quality improvements.
AAQI on the Y-axis refers to the average AQI before the control of Covid-19 in each province minus the average AQI during the control period.
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03, did decrease dramatically during the control period (Figs. 3, S3). The
emission factors for NO, from the transportation and industrial sectors
are much higher than those for other sectors (Li et al., 2017), making
these the major contributors to NOy in China (Van et al., 2017). In fact,
the Multi-resolution Emission Inventory for China (MEIC) (http://
www.meicmodel.org/) indicated that 64% of the NO, emissions origi-
nated from these two sectors.

In the troposphere, NOy reacts with volatile organic compounds
(VOCs) to form Os, and therefore, one would expect that O3 would
have decreased along with NOy during the control period for Covid-
19; however, this was not the case. In fact, O; averaged over all stations
increased by 20.1 pg m~> from 39.0 ug m > to 59.1 ug m > (Fig. S3), and
the AVC for the O3 concentration was +51% (Fig. S3). For perspective,
NOy concentrations have been declining in China since 2011 (De
Smedt et al,, 2015), while O3 has increased over the same time period
(Li et al, 2019).

The observed increases in Os; during the Covid-19 controls may be
related to the observed decreases in fine particles. That is, the lower
PM, s would be a less effective sink for hydroperoxy radicals (HO,),
which would increase peroxy radical-mediated O3 production (Li
et al., 2019). In addition, decreased NOy would have little or no effect
on O3 in any urban areas where O3 production is VOC limited (Jin
etal., 2015; Wang et al,, 2017; He et al., 2019; Lyu et al,, 2019). Simulta-
neously reducing both NO, and VOC; would be the most effective way to
reduce surface ozone in China (Li et al., 2019), but the sources for VOC;
during winters in China are complex (H. Zheng et al., 2018; B. Zheng
et al., 2018; Song et al., 2019; Huang et al., 2020). Indeed, controlling
the NOy emissions from transportation and secondary industries may
not reduce VOC concentrations to the extent that Os is greatly affected.

4. Conclusions

The conclusions for the study can be summarized as answers to the
questions posed in the introduction:

Did the air quality improve during the control period for Covid-19? Yes,
the overall air quality improved: the AQI decreased from 89.6 prior to
the control period to 71.6 during the control period. In fact, a large ma-
jority (322 of 366) of the cities studied experienced a decline in the AQI.
The concentrations of five air pollutants (PMa s, PMyg, CO, SO,, NO,) de-
creased during the control period for Covid-19, but Os did not decrease.

Which emission sources were responsible for the reduced concentra-
tions of atmospheric species during the Covid-19 control period? Lower
emissions from motor vehicles and secondary industries most likely
were responsible for the observed decreases in PM, 5, NO,, and CO con-
centrations during the control period. Lower emissions from the trans-
portation sector were the main cause for NO, reduction, while the
industrial sector was responsible for the PM, 5 and CO reductions. The
reduction in SO, was only related to reduced emissions from the indus-
trial sector.

What are the policy implications? Despite restrictions placed on
motor vehicles and secondary industries during the control period, air
pollution continued to be problematic in large parts of northern China.
The concentrations of O3 actually increased during the control period,
possibly because lower fine particle loadings led to less scavenging of
HO, and as a result greater O3 production. These results illustrate the
importance of reactions that can occur between gaseous and particulate
pollutants, but clearly, lowering the emissions of both NO, and VOC;
will be needed to control Os. Results of our study highlight the impor-
tance of emissions from the residential sector for wintertime pollution
in northern China, and they show that this source must be taken into ac-
count in developing pollution mitigation plans.

CRediT authorship contribution statement

Yichen Wang: Conceptualization, Methodology, Writing - original
draft. Yuan Yuan: Formal analysis. Qiyuan Wang: Writing - review &

editing. ChenGuang Liu: Writing - review & editing. Qiang Zhi:
Writing - review & editing. Junji Cao: Conceptualization, Writing -
review & editing.

Acknowledgments

This study was supported by the National Natural Science Founda-
tion of China (71804115) and the Open Fund of the State Key Laboratory
of Loess and Quaternary Geology (SKLLQG1834), as did the Key Re-
search and Development Program of Shaanxi Province (2018-ZDXM3-
01) and the Shaanxi Province Key Research and Development Plan
Key Industrial Chain (group) Project (2018ZDCXL-SF-02-05).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139133.

References

Aneja, V.P., Agarwal, A, Roelle, P.A.,, Phillips, S.B., Tong, Q., Watkins, N., Yablonsky, R., 2001.
Measurements and analysis of criteria pollutants in New Delhi, India. Environ. Int. 27,
35-42.

Bai, L, Jiang, L., Yang, D.Y., Liu, Y.B., 2019. Quantifying the spatial heterogeneity influences
of natural and socioeconomic factors and their interactions on air pollution using the
geographical detector method: a case study of the Yangtze River Economic Belt,
China. J. Clean. Prod. 232, 692—704.

China State Council, 2020. The a new Coronavirus Disease (Covid-19) prevention and
control. http://news.xinhuanet.com/house/bj/2014-03-17/c_126274610.htm (in
Chinese).

De Smedt, 1, Stavrakou, T., Hendrick, F., Danckaert, T., Vlemmix, T., Pinardi, G., et al., 2015.
Diurnal, seasonal and long-term variations of global formaldehyde columns inferred
from combined OMI and GOME-2 observations. Atmos. Chem. Phys. 15,
12519-12545.

Elser, M., Huang, R.-]., Wolf, R, Slowik, ].G., Wang, Q., Canonaco, F,, Li, G., Bozzetti, C.,
Daellenbach, KR., Huang, Y., Zhang, R., Li, Z., Cao, ]., Baltensperger, U., El-Haddad, I.,
Prévot, A.S.H., 2016. New insights into PM, s chemical composition and sources in
two major cities in China during extreme haze events using aerosol mass spectrom-
etry. Atmos. Chem. Phys. 16, 3207-3225.

He, ZR., Wang, X.M,, Ling, Z.H., Zhao, ]., Guo, H., Shao, M., Wang, Zhe, 2019. Contributions
of different anthropogenic volatile organic compound sources to ozone formation at a
receptor site in the Pearl River Delta region and its policy implications. Atmos. Chem.
Phys. 19, 8801-8816.

Huang, R.-J., Zhang, Y.L, Bozzetti, C., Ho, K.-F., Cao, ] J., Han, Y.M., Daellenbach, K.R., Slowik,
J.G., Platt, S.M., Canonaco, F., Zotter, P., Wolf, R,, Pieber, S.M., Bruns, E.A., Crippa, M.,
Ciarelli, G., Piazzalunga, A., Schwikowski, M., Abbaszade, G., Schnelle-Kreis, J.,
Zimmermann, R., An, Z., Szidat, S., Baltensperger, U., Haddad, LE., Prevot, A.S.H.,
2014. High secondary aerosol contribution to particulate pollution during haze
events in China. Nature 514, 218-222.

Huang, L., Hy, ], Chen, M., Zhang, H., 2017. Impacts of power generation on air quality in
China-part [: an overview. Resour. Conserv. Recycl. 121, 103-114.

Huang, XF., Zhang, B, Xia, S.Y., et al,, 2020. Sources of oxygenated volatile organic com-
pounds (OVOCs) in urban atmospheres in North and South China. Environ. Pollut.
261, 114152.

Jin, X,, Jin, X.M., Holloway, Tracey, 2015. Spatial and temporal variability of ozone sensitiv-
ity over China observed from the Ozone Monitoring Instrument. J. Geophys. Res.
Atmos. 120 (14), 7229-7246.

Kuerban, M., Waili, Y., Fan, F,, Liu, Y., Qin, W., Dore, AJ., Peng, J., Xu, W., Zhang, F., 2019.
Spatio-temporal patterns of air pollution in China from 2015 to 2018 and implica-
tions for health risks. Environ. Pollut. 258, 113659.

Li, M,, Zhang, Q., Kurokawa, J.-I, Woo, J.-H., He, K, Lu, Z,, Ohara, T., Song, Y., Streets, D.G.,
Carmichael, G.R., Cheng, Y., Hong, C., Huo, H,, Jiang, X,, Kang, S., Liu, F,, Su, H., Zheng, B.,
2017. MIX: a mosaic Asian anthropogenic emission inventory under the international
collaboration framework of the MICS-Asia and HTAP. Atmos. Chem. Phys. 17,
935-963.

Li, K, Jacob, DJ, Liao, H., Shen, L., Zhang, Q., Bates, K.H., 2019. Anthropogenic drivers of
2013-2017 trends in summer surface ozone in China. Proc. Natl. Acad. Sci. U. S. A.
116, 422-427.

Lyu, X.P,, Wang, N., Guo, H., Xue, LK, Jiang, F., Ze, R,, Yang, Z., et al,, 2019. Causes of a con-
tinuous summertime O3 pollution event in Jinan, a central city in the North China
Plain. Atmos. Chem. Phys. 19 (5), 3025-3042.

MEP, 2020. (Ministry of Environmental Protection of China). Five experts focused on the
causes of air pollution in the Beijing-Tianjin-Hebei region and surrounding areas


http://www.meicmodel.org/
http://www.meicmodel.org/
https://doi.org/10.1016/j.scitotenv.2020.139133
https://doi.org/10.1016/j.scitotenv.2020.139133
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0005
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0005
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0010
http://news.xinhuanet.com/house/bj/2014-03-17/c_126274610.htm
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0020
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0020
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0020
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0025
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0025
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0025
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0025
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0030
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0030
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0030
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0030
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0035
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0035
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0040
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0040
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0045
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0045
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0045
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0050
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0050
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0050
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0055
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0055
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0060
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0060
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0060
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0065
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0065
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0065
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0070
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0070
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0070
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0070

8 Y. Wang et al. / Science of the Total Environment 731 (2020) 139133

during the control of Covid-19. http://www.mee.gov.cn/gkml/sthjbgw/stbgth/
201805/t20180503_435855.htm (In Chinese).

Shi, Z,, Li, ], Huang, L., Wang, P., Wy, L., Ying, Q., et al., 2017. Source apportionment of fine
particulate matter in China in 2013 using a source-oriented chemical transport
model. Sci. Total Environ. 601, 1476-1487.

Song, C, Wy, L, Xie, Y., He, J,, Chen, X,, Wang, T,, Lin, Y., Jin, T., Wang, A, Liy, Y., Dai, Q., Liu,
B., Wang, Y.N., Mao, H., 2017. Air pollution in China: status and spatiotemporal vari-
ations. Environ. Pollut. 227, 334-347.

Song, C., Liu, B., Dai, Q., Li, H., Mao, H., 2019. Temperature dependence and source appor-
tionment of volatile organic compounds (VOCs) at an urban site on the North China
plain. Atmos. Environ. 207, 167-181.

Tao, J,, Zhang, L., Cao, J,, Zhang, R., 2017. A review of current knowledge concerning PM, 5
chemical composition, aerosol optical properties and their relationships across China.
Atmos. Chem. Phys. 17 (15), 9485-9518. https://doi.org/10.5194/acp-17-9485-2017.

The Ministy of Public Security of China (MPSC), 2019. https://www.mps.gov.cn/
n2254098/n4904352/c6354939/content.html.

Van, d.ARJ., Mijling, B., Ding, ., Koukouli, M.E,, Liy, F,, Li, Q., Mao, H.Q., Theys, N., 2017.
Cleaning up the air: effectiveness of air quality policy for SO, and NO, emissions in
China. Atmos. Chem. Phys. 17, 1775-1789.

Wang, T., Xue, LK., Brimblecombe, P., Lam, Y.F,, Li, L., Zhang, L., 2017. Ozone pollution in
China: a review of concentrations, meteorological influences, chemical precursors,
and effects. Sci. Total Environ. 575, 1582-1596.

Wang, Y.C, Wang, Q.Y., Ye, ].H., Yan, M.Y., Qin, Q.D., Prévét, A.S.H., Cao, ]J., 2019. A review
of characteristics of aerosol chemical composition and sources in representative re-
gions of China during wintertime. Atmosphere 10 (5), 277.

Wang, P.F,, Chen, K.Y., Zhuy, S.Q., Wang, P., Zhang, H.L., 2020. Severe air pollution events
not avoided by reduced anthropogenic activities during COVID-19 outbreak. Resour.
Conserv. Recycl. 158, 104814. https://doi.org/10.1016/j.resconrec.2020.104814.

Wu, Y., Zhang, S., Hao, J., Liu, H., Wu, X,, Hu, J., Walsh, M.P., Wallington, TJ., Zhang, KM.,
Stevanovic, S., 2017. On-road vehicle emissions and their control in China: a review
and outlook. Sci. Total Environ. 574, 332-349.

Yang, ., Kang, S., Ji, Z., et al,, 2020. Investigating air pollutant concentrations, impact fac-
tors, and emission control strategies in western China by using a regional climate-
chemistry model. Chemosphere 246, 125767.

Zhang, Q., Zheng, Y., Tong, D., Shao, M., Wang, S., Zhang, Y., et al., 2019. Drivers of im-
proved PM; 5 air quality in China from 2013 to 2017. Proc. Natl. Acad. Sci. 116 (49),
24463-24469.

Zhao, D., Chen, H,, Li, X., Ma, X., 2018. Air pollution and its influential factors in China's hot
spots. ]. Clean. Prod. 185, 619-627.

Zhao, X., Zhou, W., Han, L, et al., 2019. Spatiotemporal variation in PM, 5 concentrations
and their relationship with socioeconomic factors in China's major cities. Environ.
Int. 133, 105145.

Zheng, H., Kong, S., Xing, X., Mao, Y., Hy, T., Ding, Y., Li, G., Liu, D., Li, S., Qi, S., 2018a. Mon-
itoring of volatile organic compounds (VOC;s) from an oil and gas station in North-
west China for 1 year. Atmos. Chem. Phys. 18.

Zheng, B., Tong, D., Li, M,, Liu, F., Hong, C,, Geng, G., Li, H,, Li, X,, Peng, L., Qi, J,, Yan, L.,
Zhang, Y., Zhao, H., Zheng, Y., He, K., Zhang, Q., 2018b. Trends in China's anthropo-
genic emissions since 2010 as the consequence of clean air actions. Atmos. Chem.
Phys. 18, 14095-14111.

Zhu, N., Zhang, D, Wang, W., Li, X,, Yang, B., Song, ], Zhao, X., Huang, B., Shi, W., Lu, R., Niu,
P., Zhan, F., Ma, X,, Wang, D., Xu, W., Wu, G., Gao, G.F,, Tan, W., China Novel Corona-
virus Investigating and Research Team, 2020. A novel coronavirus from patients with
pneumonia in China, 2019. N. Engl. ]. Med. https://doi.org/10.1056/NEJM0a2001017.


http://www.mee.gov.cn/gkml/sthjbgw/stbgth/201805/t20180503_435855.htm
http://www.mee.gov.cn/gkml/sthjbgw/stbgth/201805/t20180503_435855.htm
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0080
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0080
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0080
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0085
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0085
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0090
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0090
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0090
https://doi.org/10.5194/acp-17-9485-2017
https://www.mps.gov.cn/n2254098/n4904352/c6354939/content.html
https://www.mps.gov.cn/n2254098/n4904352/c6354939/content.html
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0105
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0105
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0105
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0105
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0110
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0110
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0110
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0115
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0115
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0115
https://doi.org/10.1016/j.resconrec.2020.104814
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0125
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0125
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0130
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0130
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0130
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0135
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0135
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0135
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0135
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0140
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0140
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0145
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0145
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0145
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0145
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0150
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0150
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0150
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0150
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0155
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0155
http://refhub.elsevier.com/S0048-9697(20)32650-4/rf0155
https://doi.org/10.1056/NEJMoa2001017

